The objective of the present study was to investigate the effects of insulin-like growth factor-binding protein-1 (IGFBP-1) on the interaction between mouse embryos and endometrial stromal cells in co-culture systems. To explore quantitatively the changes in expression of IGFBP-1 mRNA from endometrial stromal cells cultured alone or co-cultured with embryos, a combination of reverse transcription-polymerase chain reaction (RT-PCR) and Southern blotting followed by a densitometric analysis was used. In co-culture systems, development of embryos was significantly improved and the production of IGFBP-1 from endometrial stromal cells was stimulated by the embryos. Quantitative analysis showed that expression of IGFBP-1 mRNA in endometrial stromal cells co-cultured with embryos was higher on days 3, 5 and 8 (1.6-, 4.5-and 2.3-fold respectively) than in endometrial stromal cells cultured alone. In addition, intensity of PCR products for IGFBP-1 mRNA in endometrial stromal cells co-cultured with embryos was higher on day 5 than on days 3 and 8. However, the expression of IGFBP-1 mRNA in embryos cultured alone was very low. In conclusion, co-culture of embryos with endometrial stromal cells improved the development of embryos and may be associated with the production of IGFBP-1 by the co-cultured endometrial stromal cells. A combination of RT-PCR and Southern blotting followed by a densitometric analysis appeared to be a sufficiently quantitative method to determine changes in IGFBP-1 mRNA values.
Introduction
Stage-specific arrest and loss of viability limit the time period for which human embryos can be cultured prior to transfer (Ménézo et al., 1989) . Early transfer of embryos leads to asynchrony between development of embryos and receptiveness of the uterine endometrium and in turn results in a reduction in implantation rate . Embryos have been cultured with a variety of cellular monolayers, including uterine cells (Wiemer et al., 1989) , oviductal cells (Eyestone and First, 1989; Ouhibi et al., 1990; Bongso et al., 1991) , and Vero cells Lai et al., 1992) which have been suggested to bestow beneficial effects on mammalian embryo development. The effects appear to be transport-epithelium dependent (Papaioannou and Ebert, 1986) ; but neither species-specific (Boland, 1984) nor organ-specific (Koistinen et al., 1986) .
The insulin-like growth factors (IGFs) are low molecular weight peptides with mitogenic activity which are believed to be involved in endometrial differentiation and embryo implantation through autocrine/paracrine mechanisms (Koistinen et al., 1986; Ritvos et al., 1988; Rutanen et al., 1988) . In the circulation, IGF-I and II are transported by a family of IGF-binding proteins. Six classes of IGF-binding proteins have been isolated and designated IGFBP-1 to -6 (Shimasaki et al., 1991) . The physiological role of IGFBPs is thought to be to prevent IGFs from being rapidly metabolized and excreted, and to provide a readily available source of IGFs (Hintz, 1984; Holly and Wass, 1989) . In addition, IGFBPs appear to regulate the availability of IGF peptides to target tissues by either enhancing or inhibiting the IGF activities (Elgin et al., 1987; Ritvos et al., 1988) .
In the endometrium, IGFBP-1 can be synthesized only in the presence of progesterone (Wahlstrom and Seppälä, 1984) . Using Northern blotting and in-situ hybridization, IGFBP-1 mRNA has been shown to be differentially expressed in secretory endometrium in comparison with proliferative endometrium (Julkunen et al., 1990; Giudice et al., 1991) . After implantation, IGFBP-1 has been shown to be immunohistochemically localized in both the decidualized endometrium in intrauterine pregnancy and decidualized stromal cells at the implantation sites in ovarian pregnancies . However, it is still unknown whether IGFBP-1 production at these implantation sites is stimulated by the embryo.
In the present study, we investigated the expression of IGFBP-1 mRNA in endometrial stromal cells cultured in the presence and absence of 2-cell embryos. The semiquantification of IGFBP-1 mRNA was achieved by using a combination of reverse transcription-polymerase chain reaction (RT-PCR) and Southern blotting (Mohler and Butler, 1991) .
Materials and methods

Embryo collection and preparation of endometrial stromal cells
The ICR mice were obtained from the Animal Center of the National Taiwan University Medical College (Taipei, Taiwan) and maintained for 2 weeks before experiments. Female ICR mice aged 7-8 weeks were stimulated to ovulate by i.p. injection of 10 IU pregnant mare's serum gonadotrophin (PMSG; Sigma, St Louis, MO, USA) with additional injections (48 h later) of 10 IU human chorionic gonadotrophin (HCG; Serono, NY, USA). Mice exhibiting copulation plugs were killed 40 h later by cervical dislocation. Two-cell embryos were flushed from the oviducts into phosphate-buffered saline (PBS; Gibco, NY, USA) containing 0.5% (w/v) bovine serum albumin (BSA; Sigma). The embryos were washed twice with PBS containing BSA and twice with human tubal fluid culture medium (HTF; Irvine Scientific, Santa Ana, CA, USA).
Endometrial cells were obtained from the same batch of female ICR mice. Endometrial stromal cells were isolated as previously described (Lai et al., 1996) with certain modifications. Briefly, after retrieval of 2-cell embryos, uterine horns were excised and treated with 0.2% (w/v) collagenase (Type IA; Sigma) for 20 min followed by 0.25% trypsin-EDTA (Gibco) to flush out the endometrial cells. After centrifugation at 800 g for 10 min, cells were collected and cultured initially in Chang's medium (Irvine Scientific).
Culture of embryos and endometrial stromal cells
Three groups of cell culture were included in the present study: embryos cultured alone, endometrial stromal cells cultured alone and endometrial stromal cells (monolayer) co-cultured with embryos.
Endometrial stromal cells were seeded at a density of 1ϫ10 5 cells per well in 4-well tissue culture plates (Nunc, Copenhagen, Denmark). After achieving confluence, cells were cultured in a mixture of equal volume of Chang's medium and HTF containing 0.5% (w/v) BSA for 48 h and were then incubated in fresh HTF containing 0.5% (w/ v) BSA prior to addition of embryos. Following pH and thermal equilibration of cell feeders, embryos (10 per well) were placed on the endometrial stromal cell monolayers (co-culture group) and cultured in an atmosphere of 5% CO 2 in air at 37°C. As a control, 10 embryos (embryos cultured alone) in each well were incubated alone in HTF containing 0.5% (w/v) BSA. A second control was carried out by culturing endometrial stromal cells in the absence of embryos (endometrial stromal cells cultured alone). The stages of embryo development were observed daily and recorded by photography using an inverted microscope (Nikon, Japan). Endometrial stromal cells and/or embryos of these three groups were harvested on days 3, 5, and 8 for further isolation of RNA.
Preparation of RNA
Total cellular RNA was isolated by using a guanidium thiocyanatephenol-chloroform procedure (Chomczynski and Sacchi, 1987) . Briefly,~10 6 of endometrial stromal cells were homogenized and dissolved in the denaturing solution (4 M guanidium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) followed by addition of 0.05 ml of 2 M sodium acetate, 0.5 ml of phenol/H 2 O (1:1) and 0.1 ml of chloroform/isoamyl alcohol (49:1). After vigorous shaking, the tubes were incubated on ice for 15 min and microcentrifuged at 4°C for 20 min. The aqueous layer was collected and an equal volume of cold isopropanol was added. The precipitated RNA was collected by microcentrifugation, resuspended in 0.3 ml of denaturing solution and re-precipitated with isopropanol. The RNA pellet was then washed twice with 75% ethanol and dissolved in diethyl pyrocarbonate (DEPC)-treated water. The amount 154 of RNA was quantified spectrophotometrically and stored at -70°C until further use. For extraction of total RNA from embryos either cultured alone or co-cultured, 10 embryos from each well were treated as described above. Four replicates were performed for each experiment that included eight 4-well tissue culture plates.
Reverse transcription-polymerase chain reaction (RT-PCR)
Reverse transcription reaction was performed using 10 mg of total RNA from endometrial stromal cells and 100 pmol of synthetic oligonucleotide primers for mouse glyceraldehyde phosphate dehydrogenase (GAPDH) (5Ј GCT AAG CAG TTG GTG GTG CA 3Ј) and mouse IGFBP-1 (5Ј TGG AAG GAC AGG AGA ATC AGG AAC G 3Ј) in 40 ml of reverse transcription buffer containing 50 IU (1 ml) of murine leukaemia virus (MuLV) reverse transcriptase (PerkinElmer Cetus, Norwalk, CT, USA). To perform RT-PCR on embryos cultured alone, the entire amount of total RNA of 10 embryos from each well was applied. Positive and negative controls were RNAs from HepG2 cells and human proliferative endometrial cells respectively. Using a DNA thermal cycler (Perkin-Elmer Cetus), the reagents were incubated at 42°C for 15 min, heated to 99°C for 1 min to denature the MuLV reverse transcriptase, rapidly cooled to 4°C and stored at 4°C. The cDNA pools from the reverse transcription were subjected to a 25-cycle PCR in which a second primer for either mouse GAPDH (5Ј CAT CAC CAT CTT CCA GGA GC 3Ј) or mouse IGFBP-1 (5Ј TCA GAG ACA GCT TGG GTG TGG CG 3Ј) was applied. PCR was performed under the following condition (25 cycles): 94°C, 1 min; 60°C, 1 min; and 72°C, 2 min. After 25 cycles, the mixtures were maintained at 72°C for 7 min, then cooled rapidly and stored at 4°C.
To test the effects of RT-PCR cycle number on the titration of mRNA, total RNA from pooled endometrial cells was diluted 1:50, 1:100, 1:1000, 1:10 000, and 1:100 000 in distilled water and 10 ml of separate dilutions were each subjected to various numbers of RT-PCR cycles (25, 35 and 45 cycles) using GAPDH primer sets.
Preparation of the probe for IGFBP-1
Amplified fragments of IGFBP-1 DNA sequence from RT-PCR were cut by restriction enzyme AvaI (at sequence 967; Promega Corporation) and SacI (at sequence 677; Promega Corporation). The fragment (290 bp) between sequences 677 and 967 was inserted into a pGEM-3 vector which was then transformed into the bacteria (Escherichia coli). After selection of the colonies, minipreparation was performed to select the bacteria carrying this insert. Thereafter, bacteria carrying the vector were reproduced in 500 ml of Lbroth. The vectors were labelled with α-[ 32 P]-dATP (Amersham International, Amersham, UK) by a random prime reaction and used as a probe for hybridization in Southern blotting.
Southern blot analysis PCR products (15 ml) were mixed with 3 ml of loading dye (containing 0.25% (w/v) Bromophenol Blue, 0.25% (w/v) xylene cyanol and 30% (v/v) glycerol in water) were applied to a 2% agarose (Promega Corporation, Madison, USA) electrophoresis gel in 0.5ϫ tetrabromoethane (TBE) buffer. Molecular weight standards included 1 mg of φϫ174/HaeIII (Promega Corporation, Madison, USA). At the end of electrophoresis, DNAs were transferred to a positively charged Nylon filter (Boehringer Mannheim GmbH, Mannheim, Germany) in 0.4N NaOH. After drying at 120°C for 20 min, the filters were prehybridized in 6ϫ sodium chloride/sodium citrate (SSC), 5ϫ Denhardt's, 0.5% (w/v) sodium dodecyl sulphate (SDS) and 10% (w/ v) salmon sperm DNA at 60°C for 2 h and then hybridized with a randomly prime-labelled probe of mouse IGFBP-1 at 1-2ϫ106 c.p.m./ ml of hybridization fluid (the same as prehybridization solution) at 60°C overnight. Thereafter, the filters were washed stepwise in 2ϫ SSC containing 0.5% (w/v) SDS at room temperature for 5 min, 2ϫ SSC containing 0.1% (w/v) SDS at room temperature for 15 min, 0.1ϫ SSC containing 0.5% (w/v) SDS at 37°C for 30 min, 0.1ϫ SSC containing 0.5% (w/v) SDS at 60°C for 30 min, and 0.1ϫ SSC alone at room temperature for 60 min. Finally, the filters were examined by autoradiography and the intensity of radioactivity in RT-PCR products after hybridization was analysed by using an imaging analyser (BAS 100 MacBAS; Fuji Photo Film Co, Japan).
Statistical analysis
Z test for instances (zI test) was used to compare hatching rates of the blastocyst between co-culture and control groups. In all cases, P Ͻ 0.05 was considered to be significant.
Results
Comparison of development between embryos cultured alone and embryos co-cultured with endometrial cells
On day 5, 76.4% of the embryos in the co-culture group were at the hatching stage when compared with 63.2% of embryos cultured alone (Table I ; P Ͻ 0.01, zI test). In addition, 54% of the embryos co-cultured with endometrial stromal cells on day 5 were observed attached firmly to the endometrial stromal cell monolayer following complete hatching while only 23% of the embryos cultured alone achieved complete hatching on the same day (Table II ; P Ͻ 0.001, zI test). Furthermore, a greater number of embryos in the co-culture group completed the hatching process on day 8 as compared to embryos cultured alone (92 compared with 53%; P Ͻ 0.001, zI test). No morphological evidence of decidualization of the endometrial cells was seen, either when cultured alone or with embryos. 
Quantification of IGFBP-1 mRNA utilizing a combination of reverse transcription-polymerase chain reaction (RT-PCR) and Southern blotting
A set of primers for mouse GAPDH mRNA was used as an internal control in RT-PCR to show that the amounts of IGFBP-1 mRNA analysed were based on the same amount of total RNA. In order to determine how many cycles of PCR following reverse transcription were appropriate for the present study, various dilutions of total RNA from pooled endometrial cells were each subjected to different numbers of RT-PCR cycles (25, 35 and 45 cycles) using GAPDH primer sets. The linear correlation between intensity and RNA dilution in logarithm scales was only observed in PCR products after 25 cycles (data not shown). No such correlation was detected in PCR products after 35 and 45 cycles. Thus, we used 25-cycle PCR as a standard procedure for the entire study.
Amplified DNA fragments of IGFBP-1 and GAPDH following RT-PCR were subjected to agarose gel (2%) electrophoresis. A single band of 450 bp corresponding to GAPDH was detected on the Agarose gel from endometrial stromal cells cultured alone and endometrial stromal cells co-cultured with embryos ( Figure 1 ). In addition, the intensity, analysed by a densitometer, was similar in these two groups (data not shown). In contrast, no such band was observed from embryos cultured alone (Figure 1; lanes 1, 4, and 7 ). This may have been due to the fact that the amount of PCR products of GAPDH in embryos was too small to be detected. No band corresponding to IGFBP-1 (790 bp) was found in any of the three groups (Figure 1) . However, bands of 790 bp corresponding to IGFBP-1 were observed when PCR products were transferred to Nylon filters and in-situ hybridized with a radio-labelled IGFBP-1 probe (Southern blotting; Figure 2 ). The lower molecular weight band that is visible may represent a small amount of incomplete fragments of the IGFBP-1 PCR products. No such band was detected in agarose gels directly from HepG2 IGFBP-1 mRNA RT-PCR products (positive control). The intensity, on the Nylon filters, of IGFBP-1 bands on various cells on different days is shown in Figure 3 . Expression of IGFBP-1 mRNA in endometrial stromal cells co-cultured with embryos on days 3, 5 and 8 was higher (1.6-, 4.5-and 2.3-fold respectively) than endometrial stromal cells cultured alone (Figure 3 ). In addition, intensity of PCR products for IGFBP-1 mRNA in co-cultured endometrial stromal cells with embryos was higher on day 5 than either on day 3 or day 8. In contrast, the expression of IGFBP-1 mRNA in embryos cultured alone 156 was very low. Similarly, there was no increase in IGFBP-1 mRNA expression in embryos co-cultured with endometrial stromal cells.
Discussion
The present study confirms previous results suggesting that co-culture of embryos with endometrial cells improves embryo development Lai et al., 1996) . In coculture systems, the quality of embryos has been suggested to be improved through stimulating embryo growth rate and rescue of poorly growing embryos (Eyestone and First, 1989; Ouhibi et al., 1990; Bongso et al., 1991; Lai et al., 1992 Lai et al., , 1996 . It is possible that co-culture with monolayer cells improves embryo development either by secretion of embryotrophic factors or by removal of substances inhibitory to development (Ouhibi et al., 1990; Bongso et al., 1991) . We have previously reported that IGFBP-3 secreted by human endometrial cells may have embryotrophic effects (Lai et al., 1996) . The embryotrophic potential may be through either directly enhancing embryo development or indirectly regulating the actions of IGFs. In the present study, we observed that expression of IGFBP-1 mRNA in the mouse endometrial stromal cells was substantially stimulated by co-culture with mouse embryos. The correlation observed between improvement of embryo development and increased expression of mRNA for IGFBP-1 in endometrial cells indicates that embryostimulated IGFBP-1 expression may lead to increased IGFBP-1 production and in turn enhancement of embryo development.
Quantification of mRNA levels utilizing a combination of RT-PCR and Southern blotting followed by a densitometrical analysis was first proposed by Mohler and Butler (1991) . Detection of PCR products for IGFBP-1 mRNA after transfer onto the Nylon filters and in-situ hybridization with IGFBP-1 probes (Southern blotting) was specifically useful in the present study since no band corresponding to PCR products for IGFBP-1 was observed on the agarose gel (Figure 1 ). Subtle changes in IGFBP-1 mRNA expression could not be detected following RT-PCR (Figure 1 ), that could be monitored by the combination of RT-PCR and Southern blotting (Figure 2) . Moreover, the quantitative analysis using this combination of procedures may provide a sensitive method to investigate the changes and variations of mRNA expression both in vitro and in vivo (Mohler and Butler, 1991) .
There was an increase in expression of IGFBP-1 mRNA on days 3, 5, and 8 in endometrial stromal cells co-cultured with embryos compared with endometrial stromal cells cultured alone (Figures 2 and 3 ). In addition, the increase in expression of IGFBP-1 mRNA in endometrial stromal cells co-cultured with embryos on day 5 (4.5-fold) was much higher than on days 3 and 8 (1.6-fold and 2.3-fold respectively). These observations indicate that the response of endometrial stromal cells to synthesize IGFBP-1 following embryo stimulation may be most prominent on day 5. Alternatively, the decline in expression of IGFBP-1 mRNA on day 8 may result from degeneration or transformation of the co-cultured endometrial stromal cells. It is plausible, in co-culture systems, either that embryos may directly stimulate endometrial stromal cells to express more IGFBP-1 mRNA, or that the co-cultured endometrial stromal cells may induce embryos to secrete certain substances which in turn enhance the expression of IGFBP-1 mRNA by the co-cultured endometrial stromal cells.
In humans, IGFBP-1 is believed to be important for cellcell interactions which occur between embryonic and endometrial cells (Seppälä and Rutanen, 1994) . After implantation, decidualized endometrial cells surrounding the embryo secrete increasing amounts of IGFBP-1 . In addition, immunohistochemical studies have shown that IGFBP-1 is localized in decidualized stromal cells at the implantation site in ovarian pregnancies . In contrast, the fetus-derived trophoblasts express only IGF-II mRNA, but not IGFBP-1 mRNA (Ritvos et al., 1988) . These observations indicate that IGFBP-1 is associated with decidual transformation and the implantation process regardless of its location . In the present study, embryos co-cultured with endometrial stromal cells were found firmly attached to the endometrial cells (a process similar to implantation) on day 5. The concomitant high expression of IGFBP-1 mRNA by the co-cultured endometrial stromal cells on day 5 suggests that embryos may stimulate the surrounding endometrial cells to produce IGFBP-1 at the implantation sites and further supports the notion that IGFBP-1 may be involved in the process of implantation. Furthermore, IGFBP-1 may also play an important role in regulating the actions of IGFs at early stages of placentation following implantation (Wang and Chard, 1992) .
Following RT-PCR and Southern blotting, bands corresponding to mRNA for both GAPDH and IGFBP-1 were not detected in lanes representing PCR products from embryos (n ϭ 10) cultured alone (Figures 1 and 2 ). This was most likely due to the extremely small amounts of total RNA isolated from 10 embryos only. In addition, there is no evidence that IGFBP-1 mRNA is expressed by the embryos and trophoblasts (of fetal origin) (Ritvos et al., 1988; Wood et al., 1990; Hemmings et al., 1992) . Thus, whether or not the embryo by itself expresses IGFBP-1 mRNA remains unclear and needs to be further clarified.
